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Abstract—We develop a new technique for a dual-function
system with joint radar and communication platforms. Sidelobe
control of the transmit beamforming in tandem with waveform
diversity enables communication links using the same pulse
radar spectrum. Multiple simultaneously transmitted orthogonal
waveforms are used for embedding a sequence ofLB bits during
each radar pulse. Two weight vectors are designed to achieve
two transmit spatial power distribution patterns, which have the
same main radar beam, but differ in sidelobe levels towards the
intended communication receivers. The receiver interpretation of
the bit is based on its radiated beam. The proposed technique
allows information delivery to single or multiple communication
directions outside the mainlobe of the radar. It is shown that
the communication process is inherently secure against intercept
from directions other than the pre-assigned communication
directions. The employed waveform diversity scheme supports
a multiple-input multiple-output radar operation mode. Th e
performance of the proposed technique is investigated in terms
of the bit error rate.

Index Terms—Dual-function radar-communications, informa-
tion embedding, waveform diversity, sidelobe control, biterror
rate.

I. I NTRODUCTION

Motivated by the desire to lower the installation and hard-
ware costs, and driven by the need for radio frequency (RF)
spectrum exploitation, the sharing of system platforms and
common frequency bands between radar and communications
have become the main objectives guiding active sensing
and wireless technologies. The co-existence of radar and
wireless communication systems can ease competition over
bandwidth [1], [2]. It can also complement the functionality
of cognitive radio [3] and cognitive radar [4] in enhancing
spectrum usage and efficiency. In other words, co-existence
of the two platforms within the same frequency band can
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proceed in concert with the continual search and utilization
of the available spectrum [2], [5]–[9]. Sharing of spectrum
resources and occupation of the same frequency bandwidth,
however, require devising effective approaches to limit cross-
interference between the two system functions and to properly
apply the spatio-temporal degrees of freedom made possible
by advances in waveform design and ubiquitous use of multi-
sensor transmit/receive configurations.

Spectrum sharing and the use of common transmit platform
between radar and communications require the operator to de-
fine the primary and secondary system functions, as demanded
by power allocations and preference in beam directivity. The
problem of embedding communication symbols into the radar
backscatter was addressed in [10], [11]. Incorporating commu-
nications as secondary to the primary radar function has been
reported in a number of papers [12]–[14]. The embedding of
a communication signal into the radar emission was reported
in [13]. More recently, a method for information embedding
using time modulated arrays has been reported in [14]. The
phases of the transmit array elements are adjusted from pulse
to pulse in order to introduce variations in the sidelobe levels
(SLLs) towards the intended communication receiver. During
each radar pulse, the communication receiver detects the SLL
and interprets the associated information symbol. Although the
waveform does not change from pulse to pulse, it is difficult to
design multiple transmit power distribution patterns withthe
same mainlobe using time modulated arrays. This difficulty is
attributed to the fact that the optimization criterion involved in
the design is highly nonlinear and computationally demanding.

In this paper, we introduce a new approach to dual-function
radar communications (DFRC) using waveform diversity in
tandem with sidelobe control. Multiple orthogonal waveforms
are used to embed a sequence ofLB bits of information. The
sidelobes towards the communication directions are controlled
to have two distinct levels. This is achieved by designing
two transmit beamforming weight vectors. All waveforms are
transmitted simultaneously with one bit embedded in each
waveform. The receiver interprets the bit associated with a
certain waveform as 0 or 1 based on whether that waveform
is radiated over the transmit beam associated with the first
or the second transmit weight vector, respectively. Note that
most modern pulsed radar systems support pulse repetition
frequencies in thekHz range [15]–[17] and, therefore, by
embedding few bits per pulse, an overall data rate in the
range of kbits per sec can be achieved. When the number
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of transmit array elements is large, higher values ofLB

can be used leading to higher data rates. In addition to the
waveform diversity, incorporating other types of diversity, e.g.,
polarization, offers the potential for achieveing even higher
data rates.

The proposed technique has the following attributes: (i) The
communication message can be delivered to single or multiple
communication directions as long as they are located outside
the mainlobe where the primary radar function of the system
takes place; (ii) The communication process is inherently
secure against intercepts from directions other than the pre-
assigned communication directions; (iii) The decoding of each
bit at the receiver is independent from other neighboring
bits in the sequence; (iv) The same set of waveforms are
transmitted within every radar pulse which enables the radar
to perform coherent processing; (v) The waveform diversity
enables the radar to operate in a multiple-input multiple-
output (MIMO) mode; and (vi) The communication directions
can be adjusted adaptively if the receiver is mounted on a
moving platform. The superiority of the proposed approach
over the recently developed method in [14] is validated using
simulation examples.

The paper is organized as follows. The signal model is de-
scribed in Section II. Formulations for transmit beamforming
designs to achieve quiescent mainlobe response and variable
SLLs towards certain directions are presented in Section III.
In Section IV, we introduce two novel signaling strategies for
the proposed information embedding approach. Performance
analysis of the proposed signaling strategies is provided in
Section V. Supporting simulation results are presented in
Section VI and conclusions are drawn in Section VII.

II. SIGNAL MODEL

In this section, we develop a generic DFRC signal model
employing waveform diversity and sidelobe control. The pro-
posed system and the one reported in [14] are special cases of
the developed model, as will become apparent in the following
sections.

Consider a DRFC system equipped with one dual-function
transmit array, one radar receive array, and one (or more)
communications receive array(s). The transmit and radar re-
ceive arrays consist ofMT transmit andMR receive antennas,
respectively, arranged in an arbitrary linear shape. Without
loss of generality, we assume that both the radar transmit and
receive arrays are closely spaced to each other such that a
target located in the far-field would be at the same spatial angle
with respect to both arrays. The purpose of the dual-function
transmit array is to embed information toward the direction(s)
of the communication receiver(s) as a secondary task without
affecting the main task of the DFRC system, i.e., the radar
operation. The transmit array is used to focus the transmit
power within the main beam where the radar operation takes
place. TheMT × 1 vector of the baseband representation of
the signals at the input of the transmit antennas is given by

s(t; τ) =

K
∑

k=1

λk(τ)u
∗

kψk(t), (1)

wheret andτ denote the fast-time index (i.e., time within the
radar pulse) and the slow-time index (i.e., pulse number), re-
spectively,ψk(t), k = 1, . . . ,K areK orthogonal waveforms,
uk, k = 1, . . . ,K are theMT × 1 transmit beamforming
weight vectors,λk(τ), k = 1, . . . ,K are the weights used
to determine how much power is assigned to each transmit
waveform such that the total transmit power is fixed, and(·)∗
denotes the complex conjugate. The waveformsψk(t), k =
1, . . . ,K are assumed to satisfy the orthogonality condition at
zero time-delay, that is

∫

T
ψk(t)ψ

∗

k′ (t) = 0, k 6= k′, where
T is the pulse width. The orthogonal waveforms are used for
matched-filtering at the receiver enabling the extraction of the
received signals components associated with each transmitted
waveform. It is worth noting that the baseband signals in the
transmit signal vectors(t; τ) need not be orthogonal. The
purpose of the transmit weight vectorsuk, k = 1, . . . ,K, is
twofold: (i) To focus the transmit power within the main beam
of the radar operation while minimizing the power radiated in
the out-of-sector area; (ii) To enable information-embedding
towards communication directions via achieving certain pre-
determined SLLs. Appropriate ways to design the transmit
weight vectors will be discussed later in Section III.

Assuming thatL far-field targets are located in a certain
range-bin within the radar main beam, theMR × 1 vector of
baseband signals received by the radar is expressed as

x(t; τ) =
L
∑

m=1

βm(τ)
(

aT (θm)s(t; τ)
)

b(θm)+x̌(t; τ)+z(t; τ),

(2)
where βm(τ) is the reflection coefficient of themth target
which obeys the Swerling II target model, i.e., the reflectivity
remains constant during the entire radar pulse but changes
from pulse to pulse,a(θm) andb(θm) are theMT × 1 and
theMR × 1 steering vectors in directionθm of the transmit
and receive arrays, respectively,̌x(t; τ) is theMR × 1 vector
comprises the signals that impinge on the receive array from
the sidelobe region,z(t; τ) is theMR × 1 vector of additive
white Gaussian noise with zero mean and covarianceσ2

zIMR
,

(·)T denotes matrix transpose, andIMR
is the MR × MR

identity matrix. It is worth noting that the processing of the
radar received data can be performed directly on theMR × 1
data vectorx(t; τ), i.e., without making use of the wave-
form diversity. Alternatively, incorporating a preprocessing
step via matched-filtering the received data to the orthogonal
transmitted waveforms may lead to improved radar operation,
depending on the transmit signaling strategies used to embed
information, as will be discussed later in Section IV. Note
that the utilization of the waveform diversity at the radar
receiver requires that the transmit waveforms be orthogonal
at all time-delays and Doppler-shifts within the range and
velocity specifications of the radar. However, in practice,per-
fectly orthogonal waveforms with overlapped spectral contents
cannot be achieved and, therefore, waveforms with low cross-
correlations should be used. The problem of waveform design
with low cross-correlations has been extensively studied in the
literature (see [18]–[21], and references therein).

ConsiderJ communication receivers located at arbitrary
directions within the sidelobe region. The orthogonal wave-
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form dictionary used at the transmitter is assumed to be
known to each communication receiver. Assume that thejth
communication receiver is equipped withNj receive antennas
arranged in an arbitrary linear shape. TheNj × 1 vector of
baseband signals at the output of the receive elements is given
as

yj(t; τ) = αjcj(φj)
(

aT (θj)s(t; τ)
)

+ nj(t; τ) (3)

where αj is the channel coefficient which summarizes the
propagation environment between the transmit array and the
jth communication receiver,φj is the direction-of-arrival
(DOA) with respect to the broad side of thejth communication
receive array,cj(φj) is the steering vector of the receive array
in directionφj , andnj(t; τ) is theNj × 1 vector of additive
white Gaussian noise with zero mean and covarianceσ2

j INj
.

III. T RANSMIT BEAMFORMING DESIGN

In this section, we introduce computationally efficient meth-
ods for appropriately designing theMT × 1 transmit beam-
forming weight vectors needed for implementing the proposed
DFRC methods given in Section IV as well as the method
in [14]. The proposed methods require the use of only two
transmit beamforming weight vectors while the method in [14]
requires the use ofK = 2LB weight vectors. The formulations
described in this section design each transmit beamforming
weight vector separately and, therefore, enable design of an
arbitrary numberK of transmit beamforming weight vectors.
From the radar operation view point, one key requirement is
to maintain a constant transmit power radiation pattern within
the main beam of the radar during the entire dwell time, i.e.,
during the coherent processing interval. On the other hand,in
order to embed information in the beamformer, the SLL in
the communication directions should be permitted to assume
different values. These two key requirements are achieved via
appropriate transmit beamforming design. We consider the
transmit beamforming design for the following two cases.

Case 1: Narrow Main Beam

Consider the case where the main beam of the radar is
focused towards the spatial angleθt. A meaningful way to
design each transmit weight vectoruk, k = 1, . . . ,K, is to
minimize the power radiation level in the out of sector region
Θ̄, while maintaining a distortionless response towards the
desired directionθt. In addition, a certain pre-specified SSL is
enforced in the directions where the communication receivers
are located. Assuming that the number of communication
receivers is less than the number of transmit antennas, i.e.,
J < MT , the transmit beamforming design can be formulated
as the following optimization problem

min
uk

max
θ

∣

∣uH
k a(θ)

∣

∣ , θ ∈ Θ̄, (4)

subject to uH
k a(θt) = 1, (5)

uH
k a(θj) = ∆k, j = 1, . . . , J, (6)

where∆k is a pre-determined positive number used to de-
termine the amount of transmit power radiated towards the
communications directions over thekth transmit beam and

(·)H denotes the Hermitian operation. The optimization prob-
lem (4)–(6) is convex and can be efficiently solved using
the interior point methods [22]. It is worth noting that the
aforementioned optimization problem should be solvedK
times, i.e., it should be solved for everyuk, k = 1, . . . ,K.
Note that the total number of equality constraints in (5)–(6)
equalsJ+1 ≤MT , which is less than or equal to the number
of degrees of freedom and, therefore, a feasible solution to(4)–
(6) is guaranteed. However, if the number of communication
directions is larger thanMT , it is possible that the problem
becomes infeasible. In such a case, the equality sign in (6)
should be relaxed (e.g., changed to an inequality) and the value
of ∆k should be carefully chosen to warrant a feasible solution
to the relaxed formulations of the problem.

Case 2: Wide Main Beam

For the more general case when the radar operation takes
place in a wider spatial sectorΘ = [θmin θmax], one way to
design the transmit beamforming weight vectors is to minimize
the difference between a desired transmit power radiation
pattern and the actual one under the constraints that the
sidelobes be bounded by certain pre-defined levels. This can
be formulated as the following optimization problem

min
uk

max
θ

∣

∣

∣
|Gd(θ)| −

∣

∣uH
k a(θ)

∣

∣

∣

∣

∣
, θ ∈ Θ (7)

subject to
∣

∣uH
k a(θ)

∣

∣ ≤ ε, θ ∈ Θ̄, (8)

uH
k a(θj) = ∆k, j = 1, . . . , J, (9)

whereGd(θ) is the desired transmit beampattern andε is a
positive number of user’s choice used for controlling the SLLs.

In (7)–(9), the objective function fits the actual transmit
pattern associated with each transmit beam which is mandated
by the radar operation. The set of constraints in (8) is used to
upper-bound the transmit power leakage within the sidelobe
areas, which is also mandated by the radar operation. Note
that the upper bound determined by the parameterε is the
same for all transmit beams. The set of constraints in (9) is
associated with the secondary function of the system, whichis
to embed information by enforcing different SLLs towards the
communication directions. It is worth noting that the parameter
∆k which determines the SLL is different for each transmit
beam. Sinceε is the highest sidelobe level as mandated by
the main radar operation of the system, the condition∆k ≤
ε, k = 1, . . . ,K should be satisfied. However, a tradeoff
between the primary radar and the secondary communication
operations can be achieved by allowing the SLLs towards
the communication directions to be higher than the rest of
the sidelobe region. This means that more transmit power is
assigned to the communication operation at the price of a
decreased transmit gain within the main radar beam. In this
case, the set of constraints in (8) should cover the sidelobe
region excluding the communication directions.

The optimization problem (7)–(9) is difficult to solve due to
the non-convex objective function. Therefore, we reformulate
the problem by slightly modifying the objective function. We
set the desired radiation pattern asGd(θ) = eϕ(θ), yielding
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the following optimization problem

min
uk

max
θi

∣

∣

∣
eϕ(θi)−uH

k a(θi)
∣

∣

∣
, θi ∈ Θ, i = 1, . . . , I (10)

subject to
∣

∣uH
k a(θp)

∣

∣ ≤ ε, θp ∈ Θ̄, p = 1, . . . , P, (11)

uH
k a(θj)=∆k, j = 1, . . . , J, (12)

where θi, i = 1, . . . , I, and θp, p = 1, . . . , P , are discrete
grids of angles used to approximateΘ and Θ̄, respectively,
andϕ(θ) is a phase profile of user’s choice. The optimization
problem (10)–(12) is convex and can be solved in a com-
putationally efficient manner [22]. However, the parameterε
should be carefully chosen to warrant a feasible solution. One
way to do this is to solve the following auxiliary problem

min
uk,ε

ε (13)

subject to
∣

∣uH
k a(θp)

∣

∣ ≤ ε, θp ∈ Θ̄, p = 1, . . . , P, (14)

uH
k a(θj) = ∆k, j = 1, . . . , J, (15)

which is guaranteed to have a feasible solution. Denote the
solution to (13)-(15) asεmin. Then, the range ofε values which
warrants a feasible solution to the optimization problem (10)–
(12) is given asε ≥ εmin. Note that the transmit beamforming
weight vector obtained by solving (10)–(12) yields a unit
magnitude within the main radar beam. However, in practice,
the transmit weight vector can be scaled up to the desired
transmit gain as long as the total transmit power budget does
not exceed the maximum allowed power of the actual system.
Further note that scaling up the transmit weight vector results
in magnifying the transmit power distribution at all angles
equally, i.e., the relative SLLs with respect to the mainlobe
remain unchanged.

IV. SIGNALING STRATEGIES FOR

INFORMATION-EMBEDDING

During each radar pulse, the transmitter is assumed to
embedLB bits of information denoted as the binary sequence
Bl, l = 1, . . . , LB. In this section, we propose two signaling
strategies for information-embedding using waveform diver-
sity in tandem with sidelobe control. Both signaling strategies
require the use of only two transmit beamforming weight
vectors denoted asuH anduL. BothuH anduL are assumed
to have the same transmit power radiation pattern except in
the spatial directions of the communication receivers where the
SLL associated withuH is assumed to be higher than the SLL
associated withuL. Either of the optimization problems (4)–
(6) or (10)–(12) can be used for designing the aforementioned
two weight vectors by choosing∆k = ∆H while designinguH

and∆k = ∆L for designinguL, where∆H > ∆L. Therefore,
the constraints in (6) (similarly (12)) should be restated as
uH
H a(θj) = ∆H and uH

L a(θj) = ∆L while designinguH

and uL, respectively. We assume that bothuH and uL are
normalized to have unit norm.

A. Proposed Transmit Signaling Strategy 1

The first method requires the use of a number of orthogonal
waveforms equals to the number of transmit bits per radar

pulse, i.e.,LB waveforms are transmitted simultaneously. Dur-
ing each radar pulse, every transmitted orthogonal waveform
is used to deliver one information bit to the communication
receivers. Thelth orthogonal waveformψl(t), l = 1, . . . , LB,
is radiated either viauH for Bl(τ) = 0 oruL whenBl(τ) = 1.
In this case, the baseband transmit signals in (1) can be
rewritten as

s(t; τ) =

√

MT

LB

LB
∑

l=1

(

Bl(τ)u
∗

L+(1−Bl(τ))u
∗

H

)

ψl(t), (16)

where the power normalization factor
√

MT /LB is used to
ensure that the total transmit power is fixed toMT .

For thejth communication receiver, the baseband represen-
tation of theNj × 1 signal vector at the output of the receive
array is given by

yj(t; τ) =

√

MT

LB

αjcj(φj)

LB
∑

l=1

(

Bl(τ)u
H
L a(θj)

+(1−Bl(τ))u
H
H a(θj)

)

ψl(t) + nj(t; τ)

=

√

MT

LB

αjcj(φj)

LB
∑

l=1

(

Bl(τ)∆L

+(1−Bl(τ))∆H

)

ψl(t) + nj(t; τ). (17)

Matched-filtering the received data in (17) to each of the
transmitted orthogonal waveforms yields theNj × 1 data
vectorsyj,l, l = 1, . . . , LB, defined as

yj,l(τ) =















√

MT

LB
αj∆Hc(φj)+nj,l(τ), Bl(τ) = 0,

√

MT

LB
αj∆Lc(φj)+nj,l(τ), Bl(τ) = 1,

(18)

wherenj,l(τ) is theNj×1 additive noise vector at the output
of the lth matched-filter with the same statistics as that of
nj(t; τ).

To detect the transmitted bits, we first apply a simple receive
beamforming step, that is

yj,l(τ) = cHj (φj)yj,l(τ), l = 1, . . . , LB. (19)

Then, by performing a simple ratio test, we obtain

B̂l(τ) =







0, if |yj,l(τ)| ≥ T,

1, if |yj,l(τ)| < T,
(20)

whereT is a threshold. Note that for fast-fading channels, it
is difficult to determine the optimal value of the threshold.
However, the fast-fading channel case is out of the scope of
this paper.

At the radar receiver, theMR × 1 received data model of
(2) can be rewritten as

x(t; τ) =

√

MT

LB

L
∑

m=1

βm(τ)b(θm)

LB
∑

l=1

(

Bl(τ)u
H
L a(θm)

+(1−Bl(τ))u
H
H a(θm)

)

ψl(t) + x̌(t; τ) + z(t; τ).(21)
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Matched-filteringx(t; τ) to the orthogonal transmitted wave-
forms yields theMR×1 virtual data vectorsxl, l = 1, . . . , LB,
defined as

xl(τ) =

√

MT

LB

L
∑

m=1

βm(τ)b(θm)
(

Bl(τ)u
H
L a(θm)

+(1−Bl(τ))u
H
H a(θm)

)

+ x̌l(τ) + zl(τ) (22)

where x̌l(τ) ,
∫

x̌(t; τ)ψ∗

l (t)dt and zl(τ) ,
∫

z(t; τ)ψ∗

l (t)dt.
Stacking the virtual data vectors in (22) in one column

vector, theLBMR × 1 extended data vector is expressed as

x̃(τ) =

√

MT

LB

L
∑

m=1

βm(τ)ã(θm)⊗ b(θm) + xi(τ) + z̃(τ).(23)

whereã(θ) is theLB × 1 diversity vector, defined as

ã(θ) ,







B1(τ)u
H
L a(θ) + (1−B1(τ))u

H
H a(θ)

...
BLB

(τ)uH
L a(θ) + (1−BLB

(τ))uH
H a(θ)






, (24)

⊗ is the Kronecker product, and xi(τ) ,

[x̌T
1 (τ), . . . , x̌

T
LB

(τ)]T and z̃(τ) , [zT1 (τ), . . . , z
T
LB

(τ)]T are
the LBMR × 1 out of sector interference and additive zero-
mean white Gaussian noise with varianceσ2

z , respectively.
The virtual data in (23) corresponds to the virtual data model
used in MIMO radar. When performing DOA estimation,
the use of the data in (23) leads to better angular estimation
accuracy and angular resolution than that of the single-input-
multiple-output (SIMO) configuration adopted in [14]. For
detailed discussions on the advantages of MIMO radar over
SIMO radar in terms of DOA estimation performance, see
[23]–[31]. We note that the use of (23) for DOA estimation
requires the bit sequenceBl(τ), l = 1, . . . , LB to be known
at the radar receiver, thus making it suitable for monostatic
radar applications. In case the bit sequence is not available
at the radar receiver (e.g., in bistatic radar applications), the
data in (21) can be used for DOA estimation and localization.

B. Proposed Transmit Signaling Strategy 2

This signaling strategy utilizes2LB orthogonal waveforms
to deliver anLB bits message sequence during a single
radar pulse. More specifically, two orthogonal waveforms are
dedicated to delivering one bit. In this case, the baseband
transmit signals in (1) can be rewritten as

s(t; τ)=

√

MT

2LB

LB
∑

l=1

(

(

Bl(τ)u
∗

L + (1 −Bl(τ))u
∗

H

)

ψl(t)

+
(

Bl(τ)u
∗

H + (1−Bl(τ))u
∗

L

)

ψLB+l(t)
)

. (25)

Here,2LB waveforms are transmitted simulaneously and, as
such, a normalization factor of

√

MT /2LB is used to ensure
that the total transmit power is fixed toMT .

At the jth communication receiver, the baseband represen-
tation of theNj × 1 signal vector at the output of the receive

array is given by

yj(t; τ) =

√

MT

2LB

αjcj(φj)

·
LB
∑

l=1

(

(

Bl(τ)u
H
L a(θj) + (1 −Bl(τ))u

H
H a(θj)

)

ψl(t)

+
(

Bl(τ)u
H
H a(θj) + (1−Bl(τ))u

H
L a(θj)

)

ψLB+l(t)
)

+nj(t; τ)

=

√

MT

2LB

αjcj(φj)

·
LB
∑

l=1

(

(

Bl(τ)∆L + (1−Bl(τ))∆H

)

ψl(t)

+
(

Bl(τ)∆H+(1−Bl(τ))∆L

)

ψLB+l(t)
)

+nj(t; τ). (26)

Matched-filtering the received data in (26) to each of the
transmitted orthogonal waveforms yields theNj × 1 vector
pair, yj,l andyj,LB+l, l = 1, . . . , LB, defined as

yj,l(τ) =

√

MT

2LB

αj

(

Bl(τ)∆L

+(1−Bl(τ))∆H

)

c(φj) + nj,l(τ), (27)

yj,LB+l(τ) =

√

MT

2LB

αj

(

Bl(τ)∆H

+(1−Bl(τ))∆L

)

c(φj) + nj,LB+l(τ). (28)

Measuring the signal strengths at the receiver asηl(τ) =
|cH(φj)yj,l(τ)| and ηLB+l(τ) = |cH(φj)yj,LB+l(τ)|, l =
1, . . . , LB, the lth transmitted bit can be detected using the
test

B̂l(τ) =







0, if ηl(τ) ≥ ηLB+l(τ),

1, if ηl(τ) < ηLB+l(τ).
(29)

At the radar receiver, theMR × 1 received data model of
(2) can be rewritten as

x(t; τ) =

√

MT

2LB

L
∑

m=1

βm(τ)b(θm)

·
LB
∑

l=1

(

(

Bl(τ)u
H
L a(θm) + (1−Bl(τ))u

H
H a(θm)

)

ψl(t)

+
(

Bl(τ)u
H
H a(θm) + (1−Bl(τ))u

H
L a(θm)

)

ψLB+l(t)
)

+x̌(t; τ) + z(t; τ). (30)

Matched-filteringx(t; τ) to the orthogonal transmitted wave-
forms yieldsLB pairs of theMR × 1 virtual data vectors
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{xl, xLB+l}, l = 1, . . . , LB, defined as

xl(τ) =

√

MT

2LB

L
∑

m=1

βm(τ)
(

Bl(τ)u
H
L a(θm)

+(1−Bl(τ))u
H
H a(θm)

)

b(θm) + x̌l(τ) + zl(τ), (31)

xLB+l(τ)=

√

MT

2LB

L
∑

m=1

βm(τ)
(

Bl(τ)u
H
H a(θm)

+(1−Bl(τ))u
H
L a(θm)

)

b(θm)+x̌LB+l(τ)+zLB+l(τ).(32)

Stacking the virtual data vectors in (31) and (32) into a tall
column vector yields the2LBMR × 1 extended data vector
x̃(τ) , [xT

1 (τ), . . . ,x
T
2LB

(τ)]T which can be used for DOA
estimation.

A few comments are in order with regards to the two
proposed signaling strategies. Unlike strategy 1, since the de-
tection of a certain bit in strategy 2 is performed by comparing
the received signal strength associated with one waveform to
that of another waveform, no threshold is required. Moreover,
in signaling strategy 2, the number of waveforms transmitted
via uH equals the number of waveforms transmitted viauL

regardless of the binary sequence comprising the embedded
information. As such, from the radar operation view point,
any clutter or interference located in the sidelobe region will
result in the same signal reflections during the entire coherent
processing interval. On the other hand, the signaling strategy
1 uses the bit sequence to determine which waveform will
be transmitted via a particular SLL. This may cause clutter
to slightly change from pulse to pulse during the coherent
processing interval. For illustration, assume that the number
of 0’s in the bit sequence during a certain pulse isL0 and the
number of1’s during the same pulse isL1, i.e.,LB = L0+L1.
Signaling strategy 1 results inL0 waveforms being transmitted
via uH and the remainingL1 waveforms being transmitted via
uL. If L0 andL1 are not equal, which is likely to be the case,
then any clutter or interference located in the communication
direction will result in a slightly changing signal reflections.
Note that the aforementioned advantages of strategy 2 over
strategy 1 are obtained at the expense of using twice the
number of orthogonal waveforms as compared to the signal
strategy 1.

V. PERFORMANCEANALYSIS

In this section, we discuss the performance analysis of the
dual-function radar-communications system. We derive thebit
error rate (BER) expression which enables the selection of the
optimal threshold used at the communications receivers.

A. BER Analysis for Transmit Signaling Strategy 1

For the first method developed in Section IV-A, the receive
beamformer output (19), whenBl(τ) = 0 is transmitted,
simplifies to

yj,l(τ) = cH(φj)yj,l(τ)

=

√

MT

LB

Njαj∆H + cH(φj)nj,l(τ)

= α̃j,l + nj,l(τ), (33)

whereα̃j,l ,
√

MT /LBNjαj∆H is a complex variable which
is assumed to be constant andnj,l(τ) is white Gaussian noise
with zero-mean and variancẽσ2 = Njσ

2
n. Let ηl , |yj,l(τ)|

be the magnitude of the communication receiver output (33).
Sinceα̃j,l is constant andnj,l(τ) is zero-mean Gaussian noise,
ηl is a random variable with Rician distribution that follows
the probability density function

R(ηl|AH, σ̃) =
ηl
σ̃2
e

−(η2
l
+A2

H)
2σ̃2 I0

(

ηlAH

σ̃2

)

, (34)

whereAH ,
∣

∣

√

MT /LBNjαj∆H

∣

∣ and I0(·) is the modified
Bessel function of the first kind with order zero.

Let P0 = p(Bl(τ) = 0) be the probability of transmitting
0. Then, the event of wrongly detecting1 instead of0 in
performing the test (20) occurs whenηl is less than the
thresholdT . Therefore, the probability of detecting1 given
0 is transmitted, denoted asP (1|0), is given by,

P (1|0)=P (ηl < T )

=

∫ T

ηl=0

R(ηl|AH, σ̃)dηl

=1−Q

(

AH

σ̃
,
T

σ̃

)

, (35)

whereQ(·, ·) is the Marcum Q-function.
On the other hand, whenBl(τ) = 1 is transmitted, the

probability density function of the magnitude or the received
communications signalηl is given by the Rician distribution
R(ηl|AL, σ̃), whereAL = |

√

MT /LBNjαj∆L|. In this case,
the probability of erroneously detecting0 while 1 is transmit-
ted is given by

P (0|1)=P (ηl ≥ T )

=

∫

∞

ηl=T

R(ηl|AL, σ̃)dηl

=Q

(

AL

σ̃
,
T

σ̃

)

. (36)

Therefore, the probability of errorPe can be expressed as

Pe =P0P (1|0) + P1P (0|1), (37)

whereP1 = p(Bl(τ) = 1). Since the transmitted waveforms
are orthogonal (i.e., independent from each other), the detec-
tion of the data bits associated with the individual waveforms
is also independent. Therefore, the overall probability oferror
can be obtained by averaging over the probability of error
associated with the individual bits. If the exact value ofηq
(otherwise, it can be estimated) associated withBl(τ) = 0
and Bl(τ) = 1 is known at the receiver, then the optimal
thresholdT can be taken as the value that minimizes thePe

in (37).

B. BER Analysis for Transmit Signaling Strategy 2

For the second proposed method described in Section IV-B,
the detection does not involve comparing the magnitude of
the received signal to a threshold. Instead, detecting thelth
bit Bl(τ) involves comparing the magnitude of the received
signal associated with thelth waveform to the magnitude of
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the received signal due to theLB + l th waveform. Let us
assume thatBl(τ) = 0 is transmitted. SubstitutingBl(τ) = 0
in (27) and (28) yields

yj,l(τ) =

√

MT

2LB

αj∆Hc(φj) + nj,l(τ) (38)

yj,LB+l(τ) =

√

MT

2LB

αj∆Lc(φj) + nj,LB+l(τ) (39)

Therefore, the signal strengths used for detection (c.f., (29))
become

ηl =

∣

∣

∣

∣

∣

√

MT

2LB

Njαj∆H + c(φj)
Hnj,l(τ)

∣

∣

∣

∣

∣

(40)

ηLB+l =

∣

∣

∣

∣

∣

√

MT

2LB

Njαj∆L + cH(φj)nj,LB+l(τ)

∣

∣

∣

∣

∣

. (41)

The variablesηl and ηj,LB+l follow the Rician probabil-
ity distributions R(ηl|ÃH, σ̃) and R(ηLB+l|ÃL, σ̃), respec-
tively, where ÃH = |

√

MT/2LBNjαj∆H| and ÃL =
|
√

MT /2LBNjαj∆L|. Note thatηl and ηLB+l are indepen-
dent from each other and, therefore, the joint probability
density function equals to the multiplication of the individual
probability density functions, that is,

R(ηl, ηLB+l) = R(ηl|ÃH, σ̃)R(ηLB+l|ÃL, σ̃) (42)

Therefore, the probability of erroneously detecting1, given0
is transmitted, can be expressed as

P (1|0)=P (ηLB+l ≥ ηl)

=

∫

∞

ηl=0

∫

∞

ηLB+l=ηl

R(ηl, ηLB+l)dηLB+ldηl

=

∫

∞

ηl=0

R(ηl|ÃH, σ̃)

·
{

∫

∞

ηLB+l=ηl

R(ηLB+1|ÃL, σ̃)dηLB+l

}

dηl

=

∫

∞

ηl=0

R(ηl|ÃH, σ̃)Q

(

ÃL

σ̃
,
ηl
σ̃

)

dηl, (43)

whereR(ηl, ηLB+l)dηLB+l is the two dimensional joint Rician
probability density function.

It is worth noting that whenBl(τ) = 1 is transmitted, the
same two waveforms are used but interchanged over the two
transmit beams, i.e.,ψl(t) is radiated viauL while ψLB+l(t)
is radiated viauH . This implies that, at the communication
receiver, the roles ofηl and ηLB+l will be interchanged.
Therefore, the probability of erroneously detecting0 while
1 is transmitted will be given by (43) as well, i.e.,

P (1|0) = P (0|1). (44)

C. BER Analysis for the Method in [14]

We also derive the BER expressions for the DFRC method
in [14]. This method mapsLB bits of information into one
of 2LB communications symbols which are represented by
one of the 2LB SLLs during each radar pulse. Different
SLLs towards the communications direction can be achieved

through designing the transmit beamforming weight vectors
uk, k = 1, . . . , 2LB by solving the optimization problem
(10)–(12) while choosing

∆k = ∆H − k − 1

2LB − 1
(∆H −∆L), k = 1, . . . , 2LB . (45)

Note that the SLLS associated withu1 andu2LB are given
by ∆H and ∆L, respectively while the remaining2LB − 2
SLLs are uniformly spaced between∆H and∆L. The signal
transmitted during a certain pulse is given by

x(t; τ) =
√

MTuψ(t), (46)

where theMT × 1 vectoru during each radar pulse is taken
as one of the aforementioned2LB weight vectors depending
on the actual bits to be encoded during that pulse,

√
MT is

a normalization factor used to insure that the total transmit
power is normalized toMT , and ψ(t) is a single transmit
waveform which is transmitted during every radar pulse.

The signal at the output of the matched-filter at the com-
munication receiver in this case is given as

yj(τ) =
√

MTαj

(

uHa(θj)
)

c(φj) + nj(τ). (47)

Measuring the signal strength at the receiver asηSLL(τ) =
|cH(φj)yj(τ)|, the transmitted symbol can be detected by
comparingηSLL to the set of2LB − 1 thresholdsTk, k =
1, . . . , 2LB −1. Then, the detected symbol can be converted to
the corresponding bit sequence. The probability of erroneous
detection of thekth symbol is given as

Pe,k = P (ηSLL < Tk−1) + P (ηSLL ≥ Tk)

= 1−Q

(

Ak

σ̃
,
Tk
σ̃

)

+Q

(

Ak

σ̃
,
Tk−1

σ̃

)

, (48)

where Ak = |
√
MTNjαj∆k|. Note that for k = 1 and

k = 2LB , T0 andT2LB do not exist and, therefore, the first
and the second terms in (48) do not exist, respectively. The
overall probability of symbol error can be obtained by the
statistical average over the individual probability of symbol
error (48). In case, all symbols are transmitted with equal
probability, the overall probability of symbol error simplifies
to the mathematical average over the individual probability of
symbol error, i.e., the summation of all probability of symbol
error terms divided by the number of symbols.

D. Illustrative Example

For the purpose of comparison, we consider the case of
LB = 2, i.e., two bits are required to be embedded within each
radar pulse. The method in [14] converts the two bit informa-
tion into one of four symbols which can be communicated via
one of four SLLs. Assuming that the variance of the noise at
the communications receiver is unity, Fig. 1 depicts the Rician
probability distribution associated with the four different sym-
bols. The variance of the noise is taken asσ̃2

n = 1. The four
sidelobe levels are chosen asA1 = 5.6234, A2 = 3.9364,
A3 = 2.2494, and A4 = 0.5623 which corresponds to
10 log(A2

1/σ̃
2
n) = 15 dB, 10 log(A2

2/σ̃
2
n) = 11.9020 dB,

10 log(A2
3/σ̃

2
n) = 7.0412 dB, and10 log(A2

4/σ̃
2
n) = −5 dB,

respectively. Note that the values of the SLLs are chosen to
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Fig. 1. Rician probability density function versus magnitude of received
signal strength; SLLs based method in [14].

be equally separated from each other on linear scale which
corresponds to non-uniform spacing on logarithmic scale. The
detection thresholds are indicated as vertical dashed lines in
the figure. The tails of the different Rician distributions on
either side of the thresholds represent the regions where the
detection fails leading to erroneous decoding.

Fig 2 show the Rician probability density functions versus
the magnitude of the received signal at the communication
receiver for the first proposed signaling strategy. In this case,
the high and low SLLs are chose such thatAH = A1/

√
2 and

AL = A4/
√
2. The reason for this choice is that the method

in [14] assigns the entire transmit power to a single waveform,
whereas the first proposed signalizing strategy divides thetotal
transmit power equally among two orthogonal waveforms.
Note that the two Rician distribution functions associatedwith
the high and low SLLs are the same for the individual bits
because each bit is associated with an independent waveform,
i.e., the received signals associated with the individual bits are
separable from each other at the receiver. The threshold used
to detect the embedded bit is indicated as a vertical line in the
figure. Fig. 2 also depicts the tails of the Rician distributions
which correspond to detection error.

For the second proposed transmit signaling strategy, two
pairs of waveforms are used simultaneously; one pair per
information bit. Therefore, four waveforms are used to embed
two bits per pulse which means one quarter of the total
transmit power is assigned to each waveform. Fig. 3 shows
the two dimensional Rician distribution function by choosing
ÃH = A1/2 and ÃL = A4/2, respectively. The detection in
this case is performed by comparing the magnitude of the
received signal due to one waveform to the magnitude of the
received signal due to the second waveform of the pair. This
comparison is indicated by the diagonal line in Fig. 3. The
right lower triangle of the joint Rician distribution function
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Fig. 2. Rician probability density function versus magnitude of received
signal strength; first proposed transmit signaling strategy.
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Fig. 3. Two dimensional joint Rician probability density function versus
magnitude of received signal strengths associated with a pair of orthogonal
waveforms; second proposed transmit signaling strategy.

represent the region of detection error, i.e., the region where
the signal associated with the lower SLL is higher than the
signal associated with the higher one.

We calculate the theoretical BER for the two proposed meth-
ods using the expressions (36), (43). It is worth noting that(48)
enables calculating the symbol error rate for the method in
[14]. However, the BER can be straightforwardly calculated
by considering the probability of erroneous detection of the
individual bits, i.e., by integrating the portions of the Rician
probability distributions in Fig. 1 which corresponds to a bit
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Fig. 4. Theoretical BER versus the SNR associated with the highest SLL.

error. Fig. 4 shows the BER curves versus10 logA2
1/σ

2
n for

all methods considered. We vary all other SLLs in the same
rate such that total transmit power used for all methods remain
the same, i.e., for examplẽAH = AH/

√
2 = A1/2 has always

been satisfied. It is clear from the figure that the two proposed
transmit signaling strategies have theoretically much lower
BER as compared to the method in [14]. This fact will be
demonstrated by simulation examples in the following section.
It is worth noting that the theoretical BER derivations given
above correspond to the case of transmission and reception of
unencoded data. However, the BER associated with encoded
data can be lower than the BER associated with the unencoded
one. This will be investigated further in the simulation section.

VI. SIMULATION RESULTS

We consider a uniform linear transmit array consisting of
MT = 10 antennas spaced one-half wavelength apart. In ad-
dition to the radar operation within the mainbeam, we assume
that, during each radar pulse, a communication message of
LB = 2 bits is delivered towards the communication directions
located in the sidelobe region. In all simulation examples,we
provide a comparison between the two proposed methods and
the method of [14]. To implement the SLL based method
in [14], we design2LB = 4 transmit beamforming weight
vectors. On the other hand, only two transmit weight vectors
are used for the proposed methods.

Example 1: Transmit Beampattern Design for Narrow Main
Beam

We first investigate the possibility of synthesizing transmit
power distribution patterns with a fixed mainbeam towards a
specific angle and variable SLLs towards multiple communica-
tion directions. This scenario enables delivering a certain com-
munication message simultaneously to multiple communica-
tion receivers. Four transmit weight vectorsuk, k = 1, . . . , 4,
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Fig. 5. Transmit power distribution versus spatial angle; Example 1.
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Fig. 6. BER versus SNR; Example 2.

which focus their individual mainbeams towards the radar op-
eration directionθradar = 0◦, are obtained by solving (4)–(6).
Three communication receivers are assumed to be located in
directionsθ1 = −50◦, θ2 = −30◦, andθ3 = 40◦, respectively.
The communication SLLs associated withuk, k = 1, . . . , 4,
are constrained to be at∆2

1 = 0.01 or −20 dB, ∆2
2 = 0.0033

or −21.76 dB, ∆2
3 = 0.0066 or −24.77 dB, and∆2

4 = 10−4

or −40 dB, all relative to the mainbeam. For all other sidelobe
directions, the SLLs are controlled by choosingε = 0.1. Fig. 5
shows the normalized transmit power distribution patterns
versus angle for all transmit weight vectors. We observe
that, as expected, all transmit weight vectors have almost
the same pattern within the mainbeam, which implies that
the radar operation will not be affected if the waveform is
radiated via either transmit beam. Further, the SLLs towards
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Fig. 7. BER versus angle; Example 3.
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Fig. 8. Probability of target detection versus SNR; Example4.

the communication directions are clearly separated from each
other, thereby enabling the communication receivers to detect
which transmit SLL was used during a certain radar pulse
and, in turn, determine the associated information message.
Therefore, information embedding can proceed by choosing
a certain waveform to be radiated over either of the transmit
beams.

Example 2: BER Performance for Narrow Main Beam

Next, we use the setup in Example 1 to investigate the
performance of the two proposed methods in terms of the
BER and compare it with the technique in [14]. Note that
the latter technique employs a single waveform in tandem
with 4 SSLs towards the communication direction to deliver
LB = 2 bits of information. On the other hand, we employ
two orthogonal waveforms to deliver two bits per pulse, i.e.,
one waveform per bit, for the first proposed method and four
orthogonal waveforms, i.e., two waveforms per bit, for the

second proposed method. To test the BER, a sequence of
106 symbols unencoded (two bits each) are transmitted. In
addition, a convolutional encoder of rate2/3 is applied to
the original sequence resulting in1.5x106 encoded sequence.
Both the unencoded and the encoded sequences are embedded
independently using the method of [14] and the proposed
two methods. The communication receiver is assumed to be
equipped withN = 10 receive antennas arranged in a non-
uniform linear array where the positions of the elements
are drawn randomly from the interval[0, 4.5], measured in
wavelength. The received encoded sequence is decoded using
a Viterbi decoder. The BERs versus the signal-to-noise ratio
(SNR) for the three methods is shown in Fig. 6 for both the
unencoded as well as the encoded data sequences. Clearly,
both proposed methods achieve superior BER performance
as compared to the method of [14]. Note that the latter
method transmits25% of the information via each of the
four beams. Therefore, intersymbol interference becomes a
considerable source of detection error resulting in performance
degradation. This phenomenon is expected to be worse if
longer binary sequences are used. It is worth noting that,
for all methods tested, the BER associated with the encoded
sequence outperforms the BER associated with the unencoded
sequence. However, this BER superiority comes at the price
of slower data transmission rate.

Example 3: Probability of Intercept for Narrow Main Beam

In this example, we test the security of the communica-
tion process and show that the proposed methods prevent
communications interception from directions other than the
intended ones. To this end, we calculate the BER versus
transmission angle for all methods tested. We use the same
set up as in Example 2, except that the SNR is fixed at
10 dB. The BERs are calculated based on transmitting1.5x106

symbols of encoded data sequence. The Viterbi decoder is used
to decode the received data. Fig. 7 depicts the BER versus
angle for the three considered methods, which shows that
the BER assumes high values for directions other than the
intended communication directions in all cases. This means
that all methods have inherent security against information
interception from directions other than the communication
directions. It can be also confirmed from the figure that
the two proposed methods have a better BER towards the
communication directions as compared to the method of [14].

Example 4: Probability of Target Detection for Narrow Main
Beam

Next, we evaluate the performance of the radar operation
within the main beam focused towardsθradar = 0◦, in terms
of the probability of target detection. We assume a single target
located in the far-field at directionθt = 0◦. The number of
radar receive elements is chosen to beMR = 10, with the
antennas arranged in an arbitrary linear array configuration,
co-located with the transmit array. The target is considered
to be detected if the received power fromθt exceeds a
certain threshold, which is set to unity in this example. Fig. 8
shows the probability of target detection versus SNR. We
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observe that all methods tested provide similar target detection
performance, which implies that the process of information
embedding in the sidelobe region does not adversely affect
the primary radar operation.

Example 5: Transmit Beampattern Design for Wide Main
Beam

In this example, we assume that the main radar operation
takes place within the sectorΘ = [−10◦ 10◦]. We further
assume that the radar operation requires the power level
emitted in the sidelobe areas to be at least20 dB lower than
the mainlobe. The communication operation remains in the
sidelobe region, where a single communication direction of
θ = −50◦ is considered. Again, we assume thatLB = 2 bits
of information are to be transmitted during every radar pulse.
The four transmit weight vectors are designed by solving (10)–
(12). The parameters∆k, k = 1, . . . , 4, andε are chosen to
have the same values as in Example 1. The first and fourth
designed vectors are used for the proposed methods, while all
four are employed for implementing the SLL based method
of [14]. Fig. 9 plots the transmit power distribution patterns
for all four transmit weight vectors, which clearly shows that
all patterns are identical within the sectorΘ, whereas the
SLLs towards the communication directions are distinct from
each other, thereby enabling information embedding. Note
that the difference between two adjacent SSLs towards the
communication direction is the same in terms of log-scale
magnitude.

Example 6: BER Performance for Wide Main Beam

This example tests the BER versus SNR for the commu-
nication receiver located at−50◦ using the transmit beam-
forming vector designs of Example 5. During each radar
pulse, the transmitter embeds2 bits of information and the
communication receiver performs detection on a pulse by pulse
basis. Similar to Example 2, the experiment is carried over
106 independent trials of unencoded data. The information
sequence is generated randomly. Also, a convolutional encoder
and a Viterbi decoder are used to perform the simulation using
encoded data sequence. Fig. 10 shows the BERs versus SNR
for all methods tested. It is clear that the two proposed methods
achieve superior BER performance as compared to the method
of [14]. The figure also shows that the BER associated with
the case of encoded data sequence is better than that for the
case of unencoded data for all methods tested. Again, this
comes at the price of slower data transmission rate.

Example 7: DOA Estimation Performance for Wide Main
Beam

This example evaluates the DOA estimation performance
of the radar operation. We assume two targets located in
the far-field at angles3◦ and 5◦, respectively. The target
reflection coefficients are assumed to be constant during each
radar pulse, but change from pulse to pulse and are drawn
from a normal distribution. The number of radar receive array
elements is chosen asMR = 10. The number of pulses used
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Fig. 9. Transmit power distribution versus spatial angle; Example 5.
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Fig. 10. BER versus SNR; Example 6.

is 100, i.e., 100 data snapshots are used at the radar receiver
to build the data covariance matrix. The MUSIC algorithm is
used to perform DOA estimation for all methods tested. The
two targets are assume to be resolved provided

∣

∣θ̂i − θi
∣

∣ ≤
∣

∣θ2 − θ1
∣

∣

2
, i = 1, 2, (49)

is satisfied [32]. The root-mean square error (RMSE) and the
probability of target resolution are averaged over1000 inde-
pendent runs. Figs. 11 and 12 show the RMSE versus SNR and
the probability of target resolution versus SNR, respectively. It
can be observed that the two proposed methods outperform the
method of [14]. This is because the method of [14] transmits
a single waveform at any given pulse and as such, does not
exploit any waveform diversity, i.e., the size of the data atthe
radar receiver has dimensionsMR × 1. For the first proposed
method, assuming thatP (Bl(τ) = 0) = P (Bl(τ) = 1) = 0.5,
the transmitter utilizesuH alone (i.e., whenB1(τ) = 0 and
B2 = 0) during 25% of the time anduL alone (i.e., when
B1(τ) = 1 and B2 = 1) during 25% of the time. That
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Fig. 11. RMSE versus SNR; Example 7.
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Fig. 12. Probability of target resolution versus SNR; Example 7.

is, during half of the time (i.e., whenB1(τ) = B2), the
received data (at the radar receiver) depends on eitheruH

or uL alone, but not both of them at the same time. During
the remaining time (i.e., whenB1(τ) 6= B2), the received data
can be virtually extended into a2MR × 1 vector, where the
first MR × 1 part of the data is a function ofuH and the
secondMR × 1 data part is a function ofuL, leading to a
virtually extended array. This increased dimensionality results
in improved DOA estimation performance as compared to the
method of [14]. For the second proposed method, two different
waveforms are transmitted all the time leading to2MR × 1
virtual data100% of the time. This results in even better DOA
estimation performance and probability of source resolution
as compared to the first method. However, the performance
improvement is achieved at the expense of using twice the
number of orthogonal waveforms as compared to the first
proposed method.
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Fig. 13. RMSE versus INR; Example 8.
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Fig. 14. Probability of interfering source resolution versus INR; Example 8.

Example 8: Effect of sidelobe modulation on out-of-sector
interference localization

The final example tests the effect of varying the SLLs
from pulse to pulse on the performance of DOA estimation
of powerful sources located in the sidelobe region. Since the
sources are located outside the mainbeam of the radar, they
are treated as interference. We use the same setup as that of
Example 7, except that two interfering sources are assumed
to be located at directions−52◦ and−48◦, respectively. The
interference reflection coefficients are assumed to be constant
during each radar pulse, but change from pulse to pulse and
are drawn from a normal distribution. We assume that the sec-
ondary function of the system embeds two bits of information
during each radar pulse where the probabilities of embedding
‘0′ and embedding‘1′ are equal. Therefore, the method of
[14] utilizes four different sidelobe levels which means that
25% of the received data snapshots have interference strength
proportional to each one of the four sidelobe levels. This
variation in the interference strength within a CPI is expected
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to degrade the interference DOA estimation performance. For
the first proposed method, the sidelobe variation takes onlytwo
distinct levels, namely ‘high’ and ‘low’. This implies that25%
of the received data snapshots exhibit interference strength
proportional to the high sidelobe level,25% of the received
data snapshots exhibit interference strength proportional to the
low sidelobe level, and the remaining50% exhibit interference
strength proportional to the average of the high and low SLLs.
For each embedded bit using the second proposed method,
two orthogonal waveforms are emitted simultaneously; one via
each of the high and low SLLs. In this case, the strength of
the received interference signal is proportional to the average
of both the high and low SLLs for all radar pulses.

The RMSE and the probability of source resolution are
averaged over500 independent runs. Figs. 13 and 14 show
the RMSE versus interference-to-noise ratio (INR) and the
probability of target resolution versus INR, respectively. It can
be observed from the two figures that the proposed method 1
slightly outperforms the method of [14] because it exhibits
less SLL variation. The figures also show that the proposed
method 2 has the best performance because the strength of the
received interference signal is not affected by variationsin the
SLLs during the entire CPI.

VII. C ONCLUSION

A new approach to dual-function radar-communication sys-
tem was introduced, which recognizes the primary radar
function of the system and employs array beam sidelobes
to transmit the digital communication signals. Two array
responses associated with the same main beam were designed
using two different transmit weight vectors in order to achieve
distinct spatial transmit power distribution patterns outside
the radar designated beam. This distinction was aimed at
creating two sidelobe levels in the direction of the designated
communication receiver. The bi-level sidelobes at specific
angles were used in conjunction with multiple orthogonal
waveforms to enable effective co-existence between the radar
and communications platforms. The number of orthogonal
waveforms was chosen as equal to the length of the bit
sequence to be delivered during each radar pulse. The use of
bi-level sidelobe radiation pattern enables a communication
receiver to interpret the information bit in each orthogonal
waveform. The proposed technique permits information de-
livery to single or multiple communication directions as long
as they are located outside the mainlobe of the radar. The
communication process was shown to be inherently secure
against intercept from directions other than the pre-assigned
communication directions. The effectiveness of the proposed
technique and its superiority over existing DFRC techniques
in terms of the BER performance were demonstrated through
extensive simulations.
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